Introduction
Pediatric voice and swallow disorders are commonly encountered by otolaryngologists. The true incidence of pediatric dysphonia is unknown and thought to be underestimated [1] . Reports have estimated pediatric dysphonia to be present in 6-40 % of children [1] [2] [3] . Over 1 year's time, 1.4 % of children present with a voice disorder with laryngitis and allergy being the most common diagnoses [1] . Benign vocal fold lesions are the most common anatomic cause of pediatric dysphonia [4] . Swallowing problems can affect 0.9 % of children in a year. The most common etiology of the dysphagia was found to be neurological [1] . Table 1 lists common etiologies of both voice and swallow disorders in children. Extensive discussion of the diagnosis and management of every etiology of pediatric dysphonia and dysphagia is beyond the scope of this review. The remainder of this discussion will focus on the etiology, diagnosis, and treatment of vocal fold immobility (VFI), emphasizing the utility of laryngeal electromyography (EMG).
Vocal fold immobility is a common cause of both dysphonia and dysphagia in children. It is defined as reduction or absence of vocal fold movement in the setting of nerve impairment, cricoarytenoid joint fixation, or laryngeal scarring. Vocal fold immobility is the second most common cause of stridor in a neonate, after laryngomalacia. It represents 10 % of congenital laryngeal problems [5, 6] . Unilateral vocal fold paralysis (VFP) typically presents with dysphonia (commonly with a weak or breathy voice), feeding difficulty, and aspiration due to incomplete glottis closure during swallowing [7••] . Bilateral VFP presents with respiratory distress, stridor, retractions, and/or cyanosis [8] . Dysphonia is less common in bilateral VFP, as the vocal folds are often in paramedian or median position [8, 9] .
The etiology of vocal fold immobility can be iatrogenic, idiopathic, neurological, or traumatic [10•] . Iatrogenic causes include cardiothoracic surgery, with PDA ligation being one of the most common causes of VFI [9, 10•, 11•] . Neurologic causes such as an Arnold Chiari malformation should be considered if there is no obvious history of an inciting event, thus it is important to obtain an MRI on these patients. The MRI should follow the entire course of the recurrent laryngeal nerve to rule out any masses that may cause nerve compression [12] .
The workup includes complete history with physical exam and flexible office nasolaryngoscopy. Stroboscopy can be useful but is difficult to perform in young children [3] . Direct laryngoscopy with palpation of the arytenoid complexes to rule out mechanical fixation [2, 3, 10•, 12] . It is important to differentiate neurogenic from mechanical causes of VFI, as this has important prognostic implications and will guide management. Arytenoid dislocation is one of the most common mechanical causes of vocal fold immobility. It is uncommonly reported in the pediatric population. Like adults, the most common etiologies for arytenoid dislocation are intubation and external trauma [13] . Patients present with dysphonia (predominately breathiness), dysphagia, and possible stridor [14••] . Suspicion for arytenoid dislocation can be made on flexible fiberoptic nasolaryngoscopy. Reduced vocal fold mobility, vocal fold high mismatch, vocal fold length differences, an absent Bjostle^sign and arytenoid edema are all suggestive of arytenoid dislocation [15] . A CT with fine cuts through the larynx can also be helpful [16] . Definitive diagnoses can be made with laryngeal EMG and palpation of the arytenoid under suspension laryngoscopy [14••] . It is recommended that arytenoid dislocation be treated surgically in a timely fashion to avoid ankyloses of the joint [17] . Spontaneous reduction has been reported and is thought to be accomplished during coughing, vomiting, or other strong movements of the aerodigestive tract [14••] . Most children require general anesthesia for arytenoid reduction, which uses a moderate amount of force to return the arytenoid to its normal anatomic location [15] .
Laryngeal EMG is very useful in determining management strategies for iatrogenic vocal fold immobility. Iatrogenic vocal fold immobility is managed based on the timing of injury and likelihood of recovery. Children can have a greater potential for recovery than adults after iatrogenic VFI. Recovery can be delayed until after a year from the onset of the paralysis. At that time, up to 50 % can recover [10•] . Recovery rates range from 8 to 82 % [7••] . Up to 2/3 of children with idiopathic VFP can recover (compared to 1/3 in adults) [18] . This recovery can happen as long as 11 years after the onset of the paralysis [10•] . Due to this, the decision about when to perform an intervention can be challenging. In the adult population, it is generally advised to wait a period of at least a year to allow for return of laryngeal function. This timing is less clear in the pediatric population, and some centers recommend delaying permanent interventions for several years [19, 20] 
Laryngeal electromyography
Laryngeal EMG was first described by Weddell et al. in 1944 and has been extensively studied by Faaborg-Anderson in 1956 [26] [27] [28] . Laryngeal EMG has many uses including nerve monitoring during thyroid and skull base surgery, locating laryngeal muscles during Botox injection for spasmodic dysphonia, and swallow biofeedback [29] . It can also be used to predict the return of vocal fold function after vocal fold paresis [21, 22•, 23 
Technique
Laryngeal EMG can be performed either in the office or operating room. The office setting has the benefit of avoidance of anesthesia, and the patient can phonate in an attempt to elicit a response. In-office monitoring can be performed with percutaneous monopolar or concentric bipolar needle electrodes or hook wires [21, 24, 28] . The approach is commonly transcervical through the cricothyroid membrane [23•] . In patients where a transcutaneous electrode placement is not an option (due to tracheotomy or difficult landmarks), transoral approaches can be used [22•] . The electrode placement is typically done by an otolaryngologist and the EMG results are often interpreted by a neurologist [24, 29] . Targeted muscles include the thyroarytenoid, posterior cricoarytenoid, and cricothyroid [21] . Confirmation of correct electrode placement in adults is performed by a motor Bgesture^; for the adductors (thyroarytenoid and cricothyroid muscles), the patient vocalizes; for the abductor (posterior cricoarytenoid muscle), the patient inhales briskly through the nose [28] . When unilateral vocal fold immobility is present, the non-affected side can be used as a control [21] . Synkinesis can be identified by having the patient sniff (an abductor function) when monitoring the thyroarytenoid muscle [32] . Evoked laryngeal EMG has been described using a monopolar needle electrode percutaneously to stimulate the external branch of the superior laryngeal nerve and the RLN with recordings of the cricothyroid, thyroarytenoid, posterior cricoarytenoid, and cricothyroid muscles [24] .
The optimal timing of laryngeal EMG in adults varies. EMG findings of nerve injury may be masked immediately after injury. Denervation potentials take about 4 to 7 days after injury to be detected and will evolve over several months. Mu and Yang recommended that a new vocal fold paralysis should be evaluated with laryngeal EMG at three intervals: 1, 4-5, and 10-12 weeks after injury [33] . Min et al. suggest that if performed within 6 weeks after injury, the prognostic capability may be increased [21] . The 2016 consensus statement recommends performing laryngeal EMG between 4 weeks and 6 months after injury [31••] .
Analysis
Laryngeal EMG is analyzed for the presence of motor unit potentials, fibrillation potentials, positive sharp waves, and polyphasic potentials. Several reports have suggested that motor unit recruitment is the most valuable predictor of vocal fold movement [21, 23•] . Decreased motor unit potentials can be seen as a poor prognostic sign [34] . The 2016 consensus statement has shown that the presence of motor unit potentials increases the likelihood of recovery by 52.6 % [31••]. Motor unit potentials can appear in just under 4 months in canines after laryngeal nerve injury [35••] . Lack of motor unit recruitment 6 months after injury offers a poor prognosis [25•] . Partial denervation can present with decreased signals with decreased amplitude and increased latency [24] . However, analysis of the number of motor unit potentials can be subjective and is dependent on accurate needle placement [21] .
Fibrillation potentials and positive sharp waves are reliable indicators of laryngeal nerve injuries [24] . However, there is insufficient data about the usefulness of fibrillation potentials and/or positive sharp waves in predicting recovery [31••] . Denervation can be identified as early as 1 week after injury [24] . In canines, it has been showed that on average, fibrillation potentials disappear in 2 to 3 months but can last up to 4 months [35••] . Synkinesis and aberrant reinnervation can mislead a clinician to expect recovery [36] .
The amplification and duration of the EMG waveform can also be useful in providing a quantitative analysis of the EMG [37] . Min et al. [21] found that the paralyzed side did have a greater duration of waveform potential; however, it did not find any correlation with the mean duration of the potentials with recovery. Unfortunately, there is limited normative data describing duration and amplification of waveforms.
Regeneration of nerves can be detected as early as 6 weeks after injury [38] . The presence of polyphasic potentials (indicative of neural regeneration) in the first 6 months after injury increases the likelihood of recovery by 44.8 % [31••] .
A quantitative approach to interpreting laryngeal EMG uses turns analysis. A turn is defined as a change in signal direction after the peak of a motor unit potential [34, 39] . As software to perform turns analysis becomes more widespread, quantitative LEMG may have greater clinical value [35••] .
As previously discussed, laryngeal EMG can help differentiate between a non-functioning nerve and cricoarytenoid joint fixation or laryngeal stenosis [25•] . Mechanical fixation will normally present with normal LEMG findings [24] .
Predictive accuracy
Predictive accuracy of laryngeal EMG for determining return of vocal cord function has been reported to be anywhere from 12.8 to 90 % [23•]. Laryngeal EMG is better at predicting persistent paralysis than return of vocal fold function [23•] . The difficulty in predicting recovery arises because it is unknown how much motor unit recovery is necessary to predict return of function [36] . It has been found to shorten the time to intervention because it can accurately predict a poor functional outcome [ Table 2 shows the results of several studies on the accuracy of laryngeal EMG.
Use in children
Laryngeal EMG techniques utilized in adults may not be as feasible in children, as most children may have difficulty tolerating percutaneous electrode placement [19] . There are a limited number of pediatric laryngeal EMG studies in the literature [40•] . Scott et al. [19] described a simplified approach to laryngeal EMG in children, and we have since modified the procedure.
Procedure
The patient is initially placed under general anesthesia using propofol and remifentanil hydrochloride. An intraoperative dose of dexamethasone (0.5 mg/kg) is given. A monopolar grounding electrode is placed subcutaneously into the shoulder. Suspension laryngoscopy is then preformed using the Benjamin Lindholm laryngoscope. Under endoscopic visualization, bipolar double hook wire electrodes are placed into the bilateral thyroarytenoid (TA) and posterior cricoarytenoid (PCA) muscles. Bipolar double hook wire electrodes (Medtronic) record the potential between the two hooks, eliminating the need for a negative wire to be placed externally, which could potentially capture false signals. The non-paretic vocal fold is used as the control. Double hook wire electrodes have the advantage of serving as the patient is then taken out of suspension and allowed to wake up. Vocal fold motion associated with arousal from anesthesia is then captured on the EMG.
The nerve integrity monitor (NIM) (Medtronic) is readily available in the operating room. This allows for monitoring of the bilateral TA and PCA at the same time and the electrical parameters for the monitoring is automated and is visually represented and quantified. The other advantage of the NIM system is that it is an integrated unit designed for the operating room. It is shielded from outside electrical interference and has cord lengths long enough to remain out of the surgical field. Conventional diagnostic electromyograms such as the Natus system (Natus Medical Incorporated) have more flexibility in electrical measurements for diagnostic capacity and offer auditory feedback. For instance, in diagnostic EMG, electrical silence can indicate that the electrodes are placed in fat. White noise is heard when the electrode is in air and not contacting tissue. Crackles are heard when the electrode is placed in muscle. The crackles get sharper when the electrode is deeper in muscle. Staccato or Bpopcorn^sounds are heard when fibrillation potentials are present. Disorganized sounds or Bfirecrackers^are heard with polyphasic potentials. A recording system is useful to capture audio and video to review after the case is complete. These recordings can then be reviewed by a neurologist who may not be present in the operating room. Figure 1 shows placement of the hook wire electrodes and what is seen on both the NIM and Natus system.
The transoral approaches with children require a knowledgeable and cooperative operating room team. The surgical plan should be discussed before the 
Criticisms
LEMG interpretation is subjective [29] . Improper placement of electrodes can affect the EMG waveforms causing decreased amplitude or duration, and even no detection of activity [21, 29] . It is difficult to discern whether the absence of muscle activity on EMG is secondary to complete vocal cord paralysis or malplacement of the electrode [22•] . We feel that direct visualization of the larynx with a transoral approach is helpful in confirmation that the electrodes are in the proper place.
Management
Management is determined based on the level of severity of the breathing, voice, or swallowing [40•] . Bilateral VFP can initially be managed with a tracheotomy in the case of respiratory distress. Selective patients who do not exhibit respiratory compromise can be closely monitored [19] . Spontaneous recovery can be observed, with the highest recovery rate being with idiopathic etiology [10•] . Other procedures for bilateral VFP are vocal cordotomy, arytenoidectomy, arytenoid abduction, or arytenoideopexy. Unilateral vocal fold paralysis presents with voice and swallowing problems. Concern about aspiration and airway protection is high in younger children, and voice concerns escalate as the child matures [41•] . Dysphonia can significantly affect a child's quality of life [42] . The low voice volume may lead to much frustration because children cannot be understood in noisy environments or if they are at a distance from others. Also, due to incomplete glottic closure, children require a higher respiratory effort to generate voice which may lead to fatigue [41•] . Conservative management of unilateral VFP includes optimizing speech and swallow techniques to minimalize aspiration. Treatment of gastroesophageal reflux disease (GERD) is recommended [10•] .
Voice therapy can be successful in some patients [43] . Up to 40 % of children continue to have symptomatic vocal fold immobility after the recommended observation period, thus surgical treatment options need to be considered [ 
Injection laryngoplasty
Injection laryngoplasty involves injecting material into the vocal fold for medialization. Materials used include absorbable gelatin sponge (Gelform; Pfizer Inc.), micronized acellular dermis (Cymetra; LifeCell), sodium carboxymethycellulose gel (Prolaryn Gel, Merz), bovine collagen, calcium hydroxylapatite (Prolaryn Plus, Merz), hydrated gelatin powder, crosslinked stabilized hyaluronic acid (Restylane, Medicis and Juvederm, Allergan), or autologous fat [44••, 46] . The procedure can be done through a variety of anesthesia methods including total intravenous (IV) anesthesia with spontaneous ventilation, endotracheal intubation, or jet ventilation. Some patients may have a tracheostomy [44••, 46] . The authors prefer anesthesia with spontaneous ventilation because in a child's small airway, an endotracheal tube can occupy a large portion of the airway, making it difficult to assess the extent of medialization. The length of effect varies due to injection material used and patient characteristics. Often, patients will only require one injection due to spontaneous recovery or development of compensatory mechanisms. Complications of injection can include granuloma formation or over injection, leading to airway obstruction [10•, 44 ••].
Type 1 thyroplasty
T y p e 1 t h y r o p l a s t y h a s b e e n d e s c r i b e d i n c h i l d r e n u s i n g polytetrafluoroethylene implants (GORE-TEX; W. L. Gore & Associates) or polymeric silicone (Silastic; Dow Corning) [47] . Teenage patients may be mature enough to tolerate the procedure under local anesthesia with sedation, but younger children likely require general anesthesia [44••, 45•, 47, 48] . A laryngeal mask airway with fiberoptic endoscopy may be useful for airway management for children requiring type 1 thyroplasty [45•] . It is important to consider the lower position of the true vocal fold in children. This requires a more inferior thyroplasty [47] . Some feel that the immature laryngeal cartilage is too soft to support the implant, and there is a possibility of the implant shifting as the child grows [41•] .
Many children cannot tolerate vocal fold medicalization procedures under sedation with local anesthesia [45•] . Pediatric vocal fold anatomy changes at children grow [49] , therefore procedures such as thyroplasty or arytenoid adduction may not be stable throughout the child's growth period [45•] . Also, since pediatric vocal fold motion can spontaneously recover up to 4 years after onset [10•] , it may be prudent to avoid more invasive procedures.
Procedures such as arytenoid adduction or cricothyroid joint subluxation should be delayed until after a child's larynx has approached adult size. Even after the larynx has finished growing, these procedures can be more useful in providing fine adjustments to patients who have had other procedures such as thyroplasty or laryngeal reinnervation [45•, 50•] .
Laryngeal reinnervation
Reinnervation of the larynx can be accomplished with an ansa cervicalis to recurrent laryngeal nerve anastomosis [50•, 51] . The procedure will medialize the vocal fold and provide baseline tone, but it will not restore the motion of the vocal fold [41•] . The advantage of the procedure is that it does not alter the laryngeal framework, and further procedures can be performed after the child had fully grown [45•] . There is also no need for foreign material that could potentially cause a reaction. The results of the procedure are expected to last a lifetime [41•] . The disadvantage is that it abolishes any chance of spontaneous recovery, since the recurrent laryngeal nerve is sectioned as part of the procedure [45•] . Improvement of symptoms was noted in most patients at 3-7 months [44••, 45•] . Stable results can be seen a year after surgery [41•] . Therefore, the authors recommend suspension laryngoscopy with injection laryngoplasty at the time of surgery to provide glottic competence until reinnervation has occurred. Older children have been shown to have improvement in voice quality, loudness, and pitch range [41•, 51] . The optimal timing for laryngeal reinnervation is not known, but it is important to do before the vocal fold atrophies [41•]. Smith et al. reported voice improvement with the procedure being performed anywhere from 0.8 to 15.2 years after injury. They found no correlation with age at surgery, but there was a slight negative correlation in duration between injury and time of surgery [52••] . Zur and Carroll found that recurrent laryngeal nerve innervation has better acoustic, stroboscopic, and perceptual results than injection or observation [51] . At our center, laryngeal EMG is used before any reinnervation procedure, to assess the tracing for lack of motor unit potentials. We feel it is important to assess the vocal fold to assure there is no muscle atrophy, as reinnervation requires viable muscle.
Future directions
A standardized approach to performing and reading laryngeal EMG still needs to be developed. Currently, centers performing laryngeal EMG all use individualized techniques and look for different findings on the EMG. A multicenter trial with the same approach and outcomes would be valuable.
Techniques for refinement of electrode placement need to be developed. One thought is to use ultrasound and image guidance to help improve needle localization [31••] .
Reports on laryngeal reinnervation have not described using laryngeal EMG to determining timing of intervention [41•, 44••] . If laryngeal EMG is performed early after injury, and negative prognostic factors (lack of motor unit potentials, fibrillation potentials, positive sharp waves) are seen, laryngeal reinnervation could possibly be performed early to prevent muscle atrophy.
Conclusions
& Laryngeal EMG is useful in determining the timing of intervention for unilateral pediatric vocal fold immobility. & Conservative options include voice and swallow therapy as well as management of GERD. & Surgical treatment for unilateral vocal fold immobility includes injection laryngoplasty, type 1 thyroplasty, and laryngeal reinnervation (ansa cervicalis to recurrent laryngeal nerve anastomosis). & Decision regarding the type of surgical intervention is patient specific.
Injection laryngoplasty usually only has temporary effects. Type 1 thyroplasty is more useful in older children whose larynx has fully grown. Laryngeal reinnervation is effective and can be a more permanent solution.
& Results for laryngeal reinnervation may not be seen for up to 6 months following the procedure, therefore the authors recommend concurrent injection laryngoplasty.
